The oxidation kinetics of silicon in inductively coupled oxygen plasma ͑ICP͒ was studied at temperatures ranging from 350 to 450°C. The oxide growth kinetics was described by a linear-parabolic growth law, with a rapid initial growth and a negative linear-rate constant. Under oxygen pressure of 10 mTorr, the initial oxide growth at 350°C ͑thickness below 25 nm͒ was faster than at 400°C. An analysis of transverse-optical mode frequencies and etch rates indicated that the density of the surface oxide was lower than that of the bulk oxide. The oxidation kinetics was explained qualitatively by assuming that the ICP oxide consisted of a surface layer with a larger diffusion coefficient and a bulk layer with a smaller diffusion coefficient. On the other hand, the ICP oxidation of silicon with a thin chemical oxide showed a positive linear-rate constant and no surface layer effect, supporting the fact that the oxide grown by the ICP oxidation has a low-density surface layer with a larger diffusion coefficient.
I. INTRODUCTION
Oxidation of silicon is one of the most important processes in metal-oxide-semiconductor device fabrication. But oxidation at an elevated temperature can generate dislocations and stacking faults in the silicon. High-temperature oxidation also changes the distribution of dopant and junction depth. Plasma oxidation is promising as a lowtemperature process. 1 High density plasmas such as electron cyclotron resonance ͑ECR͒ plasma and inductively coupled plasma ͑ICP͒ show a high-oxidation rate and low damage to the oxide due to high-radical concentration and low sheath voltage. 1, 2 In low-temperature polycrystalline silicon ͑poly-Si͒ thin film transistors for liquid crystal display, as the quality of poly-Si films has improved, it has become more important to obtain a gate dielectric with both a high breakdown field and low interface traps. 3 The ECR plasma oxide on poly-Si films showed a lower leakage current and a higher breakdown field than thermal oxides, due to its smoother SiO 2 /poly-Si interface. 2 The ICP has advantages of large area capability, high plasma density, and a low plasma potential. Although many studies have been done on the growth kinetics for plasma oxidation, 1,4-8 the kinetics is still a subject of study.
In this article, we report that the density of the oxide grown in ICP with oxygen gas near the surface is smaller than that of the bulk from the infrared absorption and etch rate results. The oxide growth by the ICP oxidation can be explained qualitatively by adopting both a surface layer with a larger diffusion coefficient and a bulk layer with a smaller diffusion coefficient.
II. EXPERIMENT
p-type ͑100͒ silicon wafers with a resistivity of 4-12 ⍀ cm were used as a substrate. The wafers were cleaned in boiling sulfuric acid and hydrogen peroxide solution for 15 min, then rinsed and immersed in 50:1 HF until hydrophobic, then rinsed again in de-ionized water. To keep the chemical oxide, the immersion in 50:1 HF was omitted. The plasma oxidation was performed in an ICP system with oxygen gas. The antenna in our ICP system was made of an 1/4 in. Cu tube cooled by water. The inner diameter and turn of the antenna were 14.0 cm and 1, respectively. The rf power and frequency were 2 kW and 13.56 MHz, respectively. The oxygen pressure and substrate temperature varied from 5 to 10 mTorr and from 350 to 450°C, respectively. The substrate was floated electrically, and no external bias was applied.
The thickness and the refractive index were measured at a fixed wavelength ͑632.8 nm͒, using an ellipsometry ͑Ru-dolph Research, Auto EL2͒. Infrared transmission was measured using a Fourier transform infrared spectrometer ͑Bruker, Equinox55͒ with a resolution of 4 cm Ϫ1 and 20 scans. The chemical etch rate of the oxide was measured using p-etch solution (49%HF:70%HNO 3 :H 2 Oϭ3:2:100). Figure 1 shows the oxide thickness as a function of oxidation time at: ͑a͒ 5 mTorr and ͑b͒ 10 mTorr. The kinetics of the oxide growth was well described by the linear-parabolic growth law with an initial rapid growth in the following equation:
III. RESULTS AND DISCUSSION
where x is the oxide thickness, t is the oxidation time, k P and k L are the parabolic-rate and linear-rate constants, and is a Table  I . Note that the k L values are negative. The negative k L values cannot be explained by the Deal-Grove model, where the oxidation rate is limited by a reaction rate in the linear growth region and by a diffusion rate in the parabolic growth region. 9 The negative k L was also reported by other researchers in oxidation with microwave plasma 7, 8 and thermal oxidation at low pressure. 10 It is also surprising that the thickness of the oxide at 400°C is smaller than that of the oxide at 350°C, when the oxygen pressure is 10 mTorr and the thickness is less than 25 nm. We call this phenomenon thickness reversal.
The activation energy of k P and k L can be determined from an Arrhenius plot of k P and k L values given in Table I . The activation energy of the k P is 0.37 eV, which is much smaller than that of the thermal oxidation ͑1.23 eV͒ 9 and indicates that the diffusing oxidant is not molecular oxygen. The activation energy of the k L is about 0.35 eV, which is also much smaller than that of the thermal oxidation ͑2.0 eV͒, 9 and similar to that of the k P . Figure 2 shows the transverse-optic ͑TO͒ mode frequency associated with the asymmetric stretch mode of the O in Si-O-Si intertetrahedral bridging bonds. Note that the TO mode frequency significantly decreases as the thickness is below 25 nm. It is reported that TO mode frequency decreases when the oxide is compressive strained, 11 the oxide is oxygen deficient, 11 or the density of oxide decreases. 12 If the oxide is oxygen deficient with the stoichiometry of SiO x , then the oxide stoichiometry is expected to be SiO 1.62 when ⌬ is 26 cm Ϫ1 because of dx/dϭ0.0146 cm. 11 But, not given here, no change in composition was detected in the depth profile using Auger electron spectroscopy and the composition was the same as that of the thermal oxide, indicating that the oxide stoichiometry is SiO 2 . If the oxide is compressive strained, then the density of the oxide increases and so the refractive index also increases. 13 But the refractive index of the plasma oxides decreased as the thickness decreased. Thus, the decrease of the TO mode frequency in the thin ICP oxide is not due to the compressive strain. Instead, the decrease of refractive index indicates that the density of the oxide decreases as the thickness decreases. Figure 3 shows the etch rate of the oxide with p-etch solution as a function of the depth from the oxide surface. Above 10 nm, the etch rate is in the range from 0.24 to 0.35 nm/s, which is slightly larger than that of the thermal oxide ͑0.2 nm/s͒.
14 Note that the etch rate is larger for depths below 10 nm. This indicates that the quality of the oxide near the surface is different from that of the bulk. The difference between surface oxide and bulk oxide could be due to the decrease of the oxide density according to the TO mode frequency and refractive index.
To study the oxide growth kinetics, it can be simplified that the oxide consists of two layers: a surface layer with low density and a bulk layer with high density. The thickness and diffusion coefficient of the surface layer are x s and D s , respectively, and those of the bulk layer are x b and D b , respectively. Assume that the oxidation rate is limited only by the diffusion of the oxidants, and the recombination of oxidants and the exchange with the Si-O network does not occur. These assumptions will be discussed later. In steady state, the growth rate of the bulk of the oxide, not the surface layer, is expressed as
where C 0 is the concentration of the oxidants at the oxide surface, and ⍀ is the volume grown per unit oxidant. The parabolic-rate constant k P and the linear-rate constant k L in Eq. ͑1͒ can be expressed as follows:
We can see that the k L is affected by the properties of the surface layer as well as by those of the bulk layer, while the k P is affected only by the properties of the bulk. Note that the k L is negative when the D s is larger than the D b in our model. The oxygen diffusion coefficient in the surface oxide is expected to be larger than that of the bulk layer because the density of the surface layer is lower. Therefore, the k L is expected to be negative and the fitted k L values in Fig. 1 are negative, so that our model can explain the existence of negative k L .
From Eq. ͑3b͒, the ͉k L ͉ becomes larger as the D s becomes close to D b , meaning that the kinetics is close to a pure parabolic relation. In Fig. 2 , the TO mode frequency ͑͒ at 400°C started to decrease at a lower thickness than that at 350°C, which can result from the smaller thickness and/or the larger density of the surface layer of the ICP oxide. Both the smaller x s and D s reduce the oxidation rate in the initial stage of oxidation and increase the ͉k L ͉ value. Therefore, the smaller oxidation rate at 400°C at the initial stage of the oxidation can be considered to be due to either smaller x s or smaller D s . When the oxidation time is longer than 180 min, the oxidation kinetics is controlled mainly by the parabolicrate constant k P , which is the only function of D b . As a result, the oxide thickness at 400°C is larger than at 350°C. If so, the thickness reversal as shown in Fig. 1 could occur. Table II . The k L changed significantly with the chemical oxide, while the k P changed only slightly. The smaller oxide thickness in the case with the chemical oxide is attributed to a significant change of k L . This result indicates that the surface layer of the oxide formed by the ICP oxidation plays an important role in the rapid initial oxide growth. Figure 5 shows the TO mode frequency of the oxide grown with and without the chemical oxide as a function of the oxide thickness. The TO mode frequency of the oxide grown without the chemical oxide decreases as the oxide thickness decreases, as is also shown in Fig. 2 . But the TO mode frequency of the oxide grown with the chemical oxide was independent of the oxide thickness. This indicates that the density of the oxide grown with the chemical oxide is independent of oxide thickness, and no low-density surface layer exists. . We did not consider the recombination of the oxidants and the exchange with the network. However, it has been proposed that the oxidants, probably the atomic oxygen, may recombine among them during the diffusion through the oxide 4 and interact with the Si-O network. 15 If the oxygen recombination occurs, then the oxide growth rate on the thin oxide will be larger than that derived from the thick oxide data. This larger oxide growth rate in the initial stage of oxidation will result in the small values. Therefore, the discrepancy between the x s values derived from 2k L and the values of x s •(1 ϪD b /D S ) derived from the k P /(Ϫ2k L ) may be attributed to the neglect in the model of the oxygen recombination. A kinetic study below 10 nm thickness is needed to completely understand the kinetics of the ICP oxidation.
IV. CONCLUSIONS
The oxidation kinetics of silicon in inductively coupled oxygen plasma was described by the linear-parabolic growth law, with a rapid initial growth, like thermal oxidation with dry oxygen. However, the linear-rate constant (k L ) was of a negative value, and the thickness reversal between 350 and 400°C was observed at 10 mTorr. From the TO mode frequency in infrared absorption and etch rate results, the density of oxide near the surface was lower than that of the bulk. The linear-parabolic growth law, negative linear-rate constants k L , and thickness reversal, could be explained qualitatively by assuming that the surface layer had a larger diffusion coefficient and the bulk layer had a smaller diffusion coefficient. We modified the properties of the surface layer using a chemical oxide on silicon wafer. The density of the surface oxide grown with the chemical oxide was the same as that of the bulk, and the linear-rate constant k L was a large positive value. This result further supports the existence of a low-density surface oxide layer, which has a larger diffusion coefficient. 
